Conditions suitable for induced formation and secretion of penicillinase (EC 3.5.2.6) in protoplasts of Staphylococcus aureus were determined. No requirement was found for cells to be exposed to inducer prior to formation of protoplasts. Neither cell wall components nor mesosomes appeared to be necessary for induction or secretion. In medium containing 1.1 M sucrose about half of the formed enzyme was soluble, whereas in medium containing 0.37 M sodium succinate only about 10% of the penicillinase remained protoplast-bound. Low concentrations of polyanions (dextran sulfate and potassium polyvinyl-sulfonate) inhibited the formation of induced penicillinase, as did 4-acetamido-4'-isothiocyano-stilbene 2,2'-disulfonic acid. None of these compounds inhibited the activity of native penicillinase, and none would be expected to pass through the protoplast membrane. Penicillinase, denatured in 4 M urea, could be renatured by dilution in the presence of benzylpenicillin, and the above three inhibitors interfered strongly with this process. The results are taken as evidence that penicillinase may be secreted through the protoplast membrane in an incompletely folded form.
In previous studies of the synthesis and liberation of penicillinase (EC 3.5.2.6) by cells of Staphylococcus aureus (3, 4) , we showed that there is a fraction of cell-bound penicillinase, comprising up to 40% of the total, which can be liberated by incubation of the cells for short periods at 37 C in 0.15 M sodium citrate. This fraction of cell-bound exopenicillinase is replenished only under conditions permitting de novo penicillinase synthesis and is the most recently synthesized enzyme (5) . No transformation of old remaining cell-bound penicillinase to exopenicillinase takes place. The bacterial cell wall has been implicated in the formation of active exoenzymes by several authors. Spheroplasts of Streptococcus faecalis were unable to produce extracellular proteinase until some cell wall component had first been resynthesized (9) , and protoplasts of Bacillus subtilis failed to synthesize extracellular amylase and protease under conditions permitting the unimpaired incorporation of "4C-valine into a trichloroacetic acid-insoluble product (14) .
Induced enzyme synthesis in protoplasts of bacteria has been shown only in very few cases. It is not too clear from the literature whether true protoplasts of B. cereus have the capacity to produce inducible penicillinase. On the one hand, Sheinin (23) reported that protoplasts of B. cereus 569 could be directly induced to form penicillinase at a rate comparable to that of whole cells, whereas Duerksen (7) was not able to demonstrate induced formation of penicillinase in protoplasts of the same organism unless the cells used to produce these protoplasts had been preinduced. In an attempt to resolve this discrepancy, Wainwright and Martin (25) , using spheroplasts of this organism, obtained complex results. The interpretation was further complicated by a high and variable rate of basal synthesis of penicillinase by noninduced cells and spheroplasts. Although these authors concluded their data to be in accord with the results of Sheinin, they admitted the possibility that true protoplasts may not show induced penicillinase formation.
More recently, Lampen and his colleagues (1, 21) reported synthesis of penicillinase by protoplasts of the constitutive mutant of B.
licheniformis 749/C, leaving the question still unresolved. It has been shown that metabolically active protoplasts can be prepared from S. aureus by use of the Aeromonas hydrophila staphylolytic enzyme (6) . The present report shows that such protoplasts are active in synthesizing inducible penicillinase, and studies on the role of cell wall and cell membrane in the extemalization of this enzyme are presented.
INDUCED PENICILLINASE IN S.AUREUS PROTOPLASTS 179 MATERIALS AND METHODS
In addition to the two strains of S. aureus previously described (6), the magnoconstitutive mutant of one of them, 8325ai-p+ (16) , was also used in this work. Preparation of protoplasts, measurement of protein synthesis and lipid synthesis, and isolation of protoplast membranes were done according to procedures previously published (6) .
Induction mixtures consisted of 0.2 ml of 4% tryptose, 0.2 ml of 0.3 M glucose, 0.2 ml of 0.255 M NaHCO3, 1.85 ml of cell or protoplast suspension, 0.1 ml of inducer (15 ug of cloxacillin per ml or 50 mg of benzylpenicillin per ml), and water to bring the volume to 3.0 ml. Inducer was added after the reaction mixture had been equilibrated at 37 C for 10 min. Most inductions were carried out in Warburg manometer flasks gassed with O2-CO2 (95:5), with cloxacillin as inducer and benzylpenicillin (0.2 ml of solution containing 10 mg of benzylpenicillin and 180
Ag of chloramphenicol) added as substrate at the end of the induction period to assay the amount of penicillinase formed (11) .
Dextran 2000 was obtained from Pharmacia, Uppsala, Sweden, and 4-acetamido-4'-isothiocyano-stilbene 2, 2'-disulfonic acid (SITS) was from Nutritional Biochemicals Corp., Cleveland, Ohio. 35S-chlorosulfonic acid was obtained from the Radiochemical Centre, Amersham, England. Other radioactive compounds (6), polyanions (3), and chemicals (5) were obtained from sources previously indicated. Two preparations of dextran phosphate with phosphate to glucose ratios of about 1: 20 and 1:30 and two preparations of phosphomannan with phosphate to mannose ratios of about 1: 5 and 1:10 were obtained from P. Stanley, C.S.R. Research Laboratories, Roseville, N.S.W., Australia. Dextran phosphate containing 3.9% phosphorus was prepared by a method analogous to that described for dextran sulfate (18) with POCl1 instead of ClSO,H as the esterifying agent.
35S-dextran sulfate was prepared by a published method (18) . A 1.1-ml amount of 35S-chlorosulfonic acid containing 10 
RESULTS
Most experiments reported below were carried out with two strains of S. aureus inducible for penicillinase. Although the results of the various experiments are generally reported for one strain only, the conclusions drawn are applicable to both strains. Figure 1 compares the rate of induction of penicillinase in whole cells of S. aureus in a nutrient induction medium with those of cells and an equivalent number of protoplasts in a nutrient medium containing 1.1 M sucrose. With penicillin as inducer, protoplasts stabilized in 1.1 M sucrose had a longer lag period than whole cells in nutrient medium without sucrose, but attained a comparable rate of induction. Whole cells in the sucrose-containing medium had a longer lag and a slower final rate Cloxacillin at 0.5 ug/ml induced higher levels of penicillinase in both intact cells (2) and protoplasts than did benzylpenicillin at 1.65 mg/ml, and, with the synthetic inducer, whole cells, even in medium containing osmotic stabilizer, exhibited a higher rate of induction than protoplasts.
Protoplasts prepared with 0.37 M sodium succinate as stabilizer were equally as competent in forming inducible penicillinase as those prepared with 1.1 M sucrose. Equiosmolar sodium chloride or sodium sulfate in place of sodium succinate (6) frequently produced protoplasts exhibiting lower rates of induction of penicillinase, and these ions were therefore used only in selected experiments.
During protoplasting of S. aureus in sucrose, sulfate, or succinate stabilizer, mesosomal vesicles are released to the medium (6), and only a very small proportion remain attached to the protoplast membrane. In the experiments reported above, the protoplast suspension used contained released mesosomes in addition to hydrolyzed cell wall material, although no large cell wall components were visible when preparations of protoplasts were examined in an electron microscope. Removal of released mesosomes and solubilized cell wall material from protoplasts by centrifugation did not significantly affect the ability of protoplasts to form inducible penicillinase, as shown by results presented in Table 1 . Therefore, in subsequent experiments, no effort was made to remove released mesosomes or soluble cell wall degradation products from the protoplast suspension.
Various concentrations of sucrose ranging from 0.5 M (10) to 1.9 M (22) have previously been used for the stabilization of S. aureus protoplasts. Protoplasts of S. aureus prepared by our method were shown to be stable morphologically in 0.9 M sucrose over a period of 90 min at 37 C (6). However, slightly higher concentrations of sucrose were required for optimal induction of penicillinase by protoplasts over this period of time, as shown in Fig. 2 . Lower concentrations of stabilizer permitted a higher initial rate of induced penicillinase synthesis, but failed to sustain the higher rate for the full extent of our normal induction times of 90 to 120 min. Concentrations of sucrose higher than 1.1 M progressively decreased the amount of inducible penicillinase formed. For these reasons, 1.1 M (and the equivalent osmolarity for the other stabilizers) was adopted as the concentration of sucrose to be used to stabilize protoplasts used in induction experiments. This and higher concentrations of sucrose also substantially inhibited the induced synthesis of penicillinase by intact cells. Thus, in 1.1 M sucrose-induced penicillinase synthesis was inhibited by 60% (cloxacillin as inducer; induction time, 90 min) and the inhibition was >90% in 1.4 M sucrose.
A focal point of our interest in penicillinase production by S. aureus has been in secretion, and the present study was undertaken to simplify the system. Having shown that protoplasts form inducible penicillinase, we next studied the distribution of the enzyme between protoplasts and medium. It was found that in sucrose-stabilized medium about half the formed enzyme was "soluble" and the remainder was protoplast bound, whereas in succinate-stabilized medium 87 formed was liberated to the medium. The criterion used for solubility was that the enzyme was not sedimented by centrifugation at 40,000
x g for 15 and 30 min, respectively, from succinate and sucrose media. The above ratios for the distribution of penicillinase were not altered when centrifugation times were doubled. It thus appeared that protoplasts were secreting soluble penicillinase in a manner analogous to that of intact cells.
Polyanions such as dextran sulfate have been shown to inhibit the formation and liberation of extracellular proteins including penicillinase (3, 19) in whole cells of S. aureus, and it was suggested that the action of the polyanion was due to competition for sites on the cell wall. It was therefore of interest to determine the effect of polyanions on the synthesis and release of penicillinase in protoplasts of S. aureus. Table 2 shows that some polyanions inhibited almost completely the synthesis of penicillinase in protoplasts whereas others were without effect. In contrast, the effect of those polyanions inhibitory to the formation of penicillinase was much less marked on the synthesis of proteins in general as measured by the incorporation of "4C-amino acids into hot trichloroacetic acidinsoluble material. More detailed studies with dextran sulfate and polyvinylsulfonate, potassium salt (PVSK), were undertaken in an effort to elucidate the mechanism of inhibition.
When dextran sulfate (2 gg/ml) was added to an induction mixture containing protoplasts with sucrose as stabilizer and cloxacillin as inducer at times varying from 0 to 90 min after the start of the induction, and induction was allowed to continue for further periods of 30 to 120 min, the formation of additional penicillinase was almost completely inhibited, indicating that the inhibition caused by the polyanion is not due to prevention of penetration of the inducer into the protoplast. Concentrations of dextran sulfate below 2 ug/ml, which caused incomplete inhibition of penicillinase synthesis when measured 40 to 60 min after addition to an inducing protoplast suspension (cloxacillin as inducer), appeared to cause a complete inhibition initially, followed by a period of recovery to nearly normal rates of penicillinase synthesis (Fig. 3) . The period of nearly complete inhibition was difficult to predict with precision for a given concentration of dextran sulfate, as it varied with the concentration of dextran sulfate used and also with different preparations of protoplasts. If the ionic stabilizer sodium succinate or sulfate were used, there was no inhibition of penicillinase induction caused by dextran sulfate. In addition, increasing concentrations of sodium chloride added to induction mixtures containing sucrose as stabilizer caused decreasing inhibition of penicillinase synthesis by dextran sulfate (Table 3) . Results similar to the above were obtained when PVSK was substituted for dextran sulfate. Although it could be shown that 3"S-dextran sulfate became bound to membranes of inducing protoplasts stabilized in sucrose medium, a similar amount (Table 4 ) was bound to the membranes of protoplasts stabilized with sodium succinate or sodium chloride media in which penicillinase synthesis was not inhibited. This result indicates that binding alone of dextran sulfate to the protoplast membrane is not sufficient to cause inhibition of penicillinase synthesis. When the protoplasts were lysed with buffer and the membranes were pelleted, some dextran sulfate was always found in the supernatant fluid. The proportion was somewhat higher in protoplasts stabilized in the ionic media and is apparently liberated from the membrane at the time of rupture of the protoplast. When the supernatant fluid was passed through a column of Sephadex G-200, the recovery of radioactivity excluded from the gel was >90% of that applied, indicating that the label was still associated with high-molecularweight material.
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react with the outer components of the plasma membrane (12) . The effect of this compound on the synthesis of penicillinase and incorporation of "4C-amino acids into hot trichloroacetic acidinsoluble material by protoplasts of S. aureus stabilized in various media was studied. SITS was a potent inhibitor of penicillinase synthesis, especially in medium with sucrose as stabilizer (>90% inhibition at 0.4 mM), but was almost without effect on "4C-amino acid incorporation. Quantitatively, considerable variation in the effects of SITS on penicillinase synthesis in individual experiments was experienced (Fig.  4) . A similar variation was observed when the effects of SITS on amino acid incorporation were studied. Occasionally, inhibitions of up to 25% were noted, whereas at other times stimulations of incorporation of up to 25% were recorded. Inhibitions of penicillinase synthesis by SITS in medium with succinate as stabilizer were intermediate between those obtained in media containing sucrose and chloride. Thus, with succinate as stabilizer, SITS caused a 74 and 91% inhibition of penicillinase synthesis at concentrations of 0.4 and 0.6 mM, respectively. From the above results, it was apparent that some aspect of the synthesis of penicillinase was taking place at the surface of the protoplast membrane and/or external to the membrane. The enzymatic activity of native penicillinase was not affected by dextran sulfate, PVSK, or SITS, but the possibility remained that the penicillinase molecule was secreted in a conformational state different from that of the native enzyme which made it susceptible to reaction with these compounds leading to subsequent inhibition of activity.
Urea, a classical protein denaturant, at a concentration of 4 M completely inhibited the activity of staphylococcal penicillinase. On dilution of a penicillinase solution in 4 M urea, to 0.05 M urea in the presence of 3 mg of benzylpenicillin per ml, 75 to 85% of the original penicillinase activity could be recovered (Fig.  5) . In the absence of benzylpenicillin, only about 50% of the original penicillinase was recoverable. The renaturation process was not instantaneous on dilution but took about 6 to 10 min to complete (Fig. 5) . It was found that the extent of this recovery was greatly influenced by the presence of the compounds dextran sulfate, PVSK, and SITS in the diluting medium. All three compounds strongly inhibited the renaturation of urea-denatured penicillinase, as can be seen from Table 5 . DISCUSSION The results presented in this paper demonstrate unequivocally that protoplasts prepared from cells of S. aureus not previously exposed to penicillins have the capacity of forming induced penicillinase. Electron micrographs (6) show that the structures involved were true protoplasts without any adhering cell wall. Thus, the cell wall is not implicated in penicillinase synthesis and secretion in S. aureus. A similar conclusion that the cell wall was not an obligatory component of the secretion process of alkaline phosphatase by Micrococcus sodonensis was recently reached by Glew and Heath (8 these organisms. This contrasts with the situation reported to exist in S. faecalis (9) , where spheroplasts failed to produce extracellular proteinase until some cell wall component was resynthesized, and in B. subtilis (14) , where protoplasts failed to secrete extracellular amylase and protease under conditions where intact cells produced considerable amounts of these enzymes. From this, it was concluded that the presence of the cell wall was necessary for active exoenzyme production.
During protoplasting of Bacillus spp., mesosmal tubules and vesicles are released into the surrounding medium (20 penicillinase, but all interfere with the renaturation of this enzyme and none markedly inhibits the general synthesis of protein, as shown by their effect on the incorporation of labeled amino acids into hot trichloroacetic acid-insoluble material. We therefore believe that our results are best interpreted as follows. Penicillinase is secreted from the protoplast membrane in an unfolded form and assumes the configuration of the native enzyme in the surrounding medium. While in the unfolded or partly unfolded form, penicillinase is susceptible to reaction with dextran sulfate, PVSK, or SITS, such reaction preventing further folding to the configuration of the native enzyme.
Support for this interpretation is gained by the results obtained with concentrations of dextran sulfate causing less than maximal inhibition of penicillinase induction (Fig. 3 ). Nearly complete inhibition followed by almost complete recovery, rather than a continual appearance at a reduced rate of active penicillinase in the surrounding medium, would indicate an action of the polyanion on the product of synthesis rather than on the machinery of synthesis.
The above interpretation would be in accord with the postulate of May and Elliott (13) , who studied release of protease from B. subtilis protoplasts and the conclusion of Bettinger and Lampen (1), who provided evidence for the extrusion of an incompletely folded form of penicillinase during secretion by protoplasts of B. licheniformis. The possibility that dextran sulfate, PVSK, and SITS directly affect the site of synthesis on the membrane cannot be ruled out in view of the fact that it has been demonstrated that formation of membrane-bound penicillinase can also be inhibited. As the process by which membrane-bound proteins reach their final stage of membrane association is not clearly understood, it may well be possible that at some stage the enzyme protein in an unfolded form is sufficiently exposed to interact with the polyanion and thus be prevented from assuming its active configuration.
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